Background. Significance of podocyte injury in the progression of diabetic nephropathy is not wellunderstood. In this study, we examined whether alteration of gap junction protein connexin43 (Cx43) expression in podocytes is associated with the progression of overt diabetic nephropathy. Methods. We recruited 29 type 2 diabetic patients with overt nephropathy who underwent renal biopsy. Nephrectomized kidney samples obtained from seven subjects with localized neoplasm and biopsy specimens from five patients diagnosed as minor glomerular abnormalities were used as controls. Cx43 staining on paraffin-embedded kidney sections were studied by immunohistochemistry. Results. In controls, Cx43 was expressed at podocytes in a linear pattern along the glomerular basement membrane. In contrast, downregulation and loss of uniformly linear staining of Cx43 (Cx43 heterogeneity) in podocytes were observed in diabetic nephropathy. Cx43 intensity correlated with current renal function (R ¼ 0.647, P < 0.005), whereas the magnitude of Cx43 heterogeneity correlated well with the degree of future decline in renal function (R ¼ À0.705, P < 0.001). Conclusions. Alteration of Cx43 expression in podocytes was closely associated with the progression of overt diabetic nephropathy. These results indicate that change in Cx43 expression at podocytes represents a progressive stage in overt diabetic nephropathy and that it may be a convenient way to predict future decline in renal function.
Introduction
Podocytes are highly differentiated glomerular cells crucially involved in establishing selective permeability properties of the glomerular filtration barrier. Injury to podocytes leads to proteinuria, a hallmark of most glomerular diseases [1] . Decline in renal function in renal diseases is due to the progressive loss of viable nephrons. In majority of cases, the loss of nephrons most likely starts with the injury of podocytes [1] . Recent studies have revealed that podocyte loss or decrease in podocyte density is an early event in diabetic nephropathy [2] , and that podocyte number predicts long-term urinary albumin excretion [3] . Podocyte loss in animal models of diabetic nephropathy is also reported [4] . These results suggest that podocyte injury is implicated in the pathogenesis of diabetic nephropathy, but the role of podocytes in the progression of diabetic nephropathy is not wellunderstood.
The rate of decline in glomerular function in overt diabetic nephropathy is highly variable from individual to individual with type 1 and type 2 diabetes [5] . Early identification of patients with progressive diabetic nephropathy is of great value, since such patients are in need for an intensified therapeutic regimen. A growing body of information supports the view that risk factors for diabetic nephropathy may be intrinsic to the kidney [5] . This notion is supported by the fact that there is a marked variability in the rate of development of kidney lesions of diabetic nephropathy in transplanted kidneys, despite all the recipients having renal failure secondary to diabetic nephropathy [6] . However, specific 'markers' within the kidney for predicting future decline in renal function remain to be established.
Connexins are integral membrane proteins that form hexamers called connexons. Two connexons located in the plasma membrane of adjacent cells form gap junctions, which are intercellular channels that permit the passage of small molecules such as small metabolites, ions and second messengers [7] . At least 20 rodent and 21 human connexins have been identified [7] . Among them, connexin43 (Cx43) is expressed most abundantly and by a variety of cell types [7] . In the kidney, nine connexins are known to be expressed: Cx26, Cx30.3, Cx31, Cx32, Cx37, Cx40, Cx43, Cx45 and Cx46 [8] . Previous studies have shown that Cx43 is expressed at podocytes in normal and diseased human kidney [9, 10] , but Cx43 expression in diabetic nephropathy and its significance remain totally unknown.
In this study, we examined the changes in glomerular Cx43 staining of type 2 diabetic patients with overt nephropathy, comparing them with normal controls. Furthermore, we investigated whether the magnitude of alteration in Cx43 expression at podocytes could be a prognostic marker for the progression of diabetic nephropathy.
Subjects and methods

Subjects
Needle renal biopsy tissues of 29 type 2 diabetic patients with overt nephropathy were obtained from those treated between 1999 and 2005 at Kyoto University Hospital or at Saiseikai Nakatsu Hospital. The patients underwent renal biopsy because of the presence of haematuria, and/or the absence of retinopathy, and/or a known history of diabetes. The presence of overt diabetic nephropathy was confirmed based on established criteria [5] . No patient received steroids or immunosuppressive drugs. The patients were followed up for 10-49 months (mean, 23 AE 3 months). For normal controls, tissues obtained from seven subjects using uninvolved portions of surgically removed kidneys afflicted with localized neoplasm, and five biopsy samples from patients with minor glomerular abnormalities were used. Histopathological examination of control tissues excluded any glomerular diseases. The samples were fixed in DubosqBrazil solution and embedded in paraffin. 
Immunohistochemistry
Immunohistochemical analysis for Cx43 and Wilms' tumor-1 (WT1) was performed as previously described [4] with some modifications. In brief, deparaffinized 3 mm kidney sections were treated with autoclave heating (10 min in 10 mM citrate buffer, pH 6.0). After blocking of endogenous peroxidase with 1.5% H 2 O 2 for 15 min at 228C, sections were incubated with 1% Triton-X in phosphate-buffered saline (PBS) for 20 min at 228C, washed three times with PBS for 5 min and incubated with 10% normal goat or donkey serum in PBS for 10 min. Rabbit antibodies against Cx43 (C-6219, SigmaAldrich, St. Louis, USA) or human WT1 (sc-192, Santa Cruz Biotechnology, Santa Cruz, USA) were diluted 1:50 in PBS containing 1% bovine serum albumin (1% BSA/PBS), and the mixture was incubated for 1 h at 228C. For Cx43 staining, after incubation with streptavidin-horseradish peroxidase (HRP) (DakoCytomation, Kyoto, Japan) for 20 min at 228C, the sections were incubated with anti-rabbit biotin (Vector, Burlingame, USA) for 30 min at 228C. The sections were processed with 3,3 0 -diaminobenzidine and counterstained with hematoxylin. For WT1 staining, after blocking of endogenous phosphatase by incubation with 2 mM levamisole for 5 min three times at 228C, the sections were incubated with alkaline phosphatase-conjugated secondary antibodies (711-055-152, donkey anti-rabbit IgG, Jackson ImmunoResearch, West Grove, USA) diluted 1:100 in 1% BSA/PBS for 30 min at 228C. The sections were processed with nitroblue tetrazolium-bromochloroindolylphosphate toluidine (1-697-471, Roche Diagnostics, Mannheim, Germany) in alkaline buffer (100 mM Tris, pH 9.5, 100 mM NaCl, 50 mM MgCl 2 ) and counterstained with Kernechtrot Stain Solution (Muto Pure Chemicals, Tokyo, Japan). Non-immune rabbit serum was used as negative controls.
Evaluation of Cx43 staining
Evaluation of Cx43 staining was classified by the intensity of Cx43 staining as scores 0-4 (0, no expression detectable; Examination of Cx43 staining intensity and Cx43 heterogeneity was done by two independent reviewers using normal controls and representative diabetic nephropathy samples as relative standards, and the scores were averaged. At least six glomeruli per biopsy were evaluated at high-power magnification, and the scores were averaged. The number of podocytes per glomerulus cross section was determined by the mean number of WT1-positive cell number per glomerular cross section, excluding parietal epithelial cells.
Cell culture and western blotting
A conditionally immortalized human podocyte was cultured as described previously [11] . In brief, these cells proliferate when cultured at 338C, whereas they halt growing and begin to differentiate to express podocyte-specific genes when cultured at 378C. Podocytes were cultured with RPMI 1640 medium (Sigma-Aldrich) supplemented with 10% fetal calf serum (FCS, Sigma-Aldrich) and insulin-transferrin-sodium selenite media supplement (Sigma-Aldrich). Cells were differentiated at 378C for 2 weeks without passage, and cultured with RPMI 1640 containing 10% FCS with 5.5 mM glucose (normal glucose) or 25 mM glucose (high glucose) for 8 days. Cells were used between passages 15 and 18.
Western blot analysis was performed as described [4] . After incubation with 50% trichloroacetic acid on ice for 10 min, cells were centrifuged at 15 000 Â g. Precipitations were resuspended in sample buffer containing 2% 2-mercaptoethanol, 125 mM Tris, 20% glycerol, 0.001% bromophenol blue and 4% sodium dodecyl sulfate (SDS), and separated by 10% SDS-polyacrylamide gel electrophoresis and transferred onto nitrocellulose membrane (Bio-Rad, Hercules, USA). After incubation with rabbit antibodies against Cx43 (C-6219, Sigma-Aldrich) or mouse antibodies against b-actin (A-2547, Sigma-Aldrich), immunoblots were developed with HRP-conjugated anti-rabbit IgG (Amersham, Arlington Heights, USA) or HRP-conjugated anti-mouse antibody (Santa Cruz) and LumiGLO Reagent (Cell Signaling Technology, Danvers, USA).
Statistics
Data are expressed as means AE SEM, unless otherwise indicated. Correlation coefficients were calculated by Spearman's method, and between-group differences were determined by ANOVA with Kruskal-Wallis method. (A, B, black arrowheads) . In case 1 (sCr 0.8 mg/dl at the time of biopsy and has a stable glomerular function after 3 years, E-H, Cx43 heterogeneity score, 1; Cx43 intensity score, 2), partial loss of Cx43 (F, white arrowhead) was present but the Cx43 staining pattern seems uniform. In contrast, in case 2 (sCr 0.8 mg/dl at the time of biopsy, but reached end-stage renal failure in 2 years, I-L, Cx43 heterogeneity score, 3; Cx43 intensity score, 2), segmental loss or thinning of Cx43 expression (I, J, white arrowheads) and segmental thickening of Cx43 expression (I, J, black arrows) were prominent. Scale bars, 50 mm (A, C-E, G-I, K, L) and 15 mm (B, F, J). sCr, serum creatinine. A level of P < 0.05 was considered statistically significant. Statistical analysis was performed using StatView (R) software package (Abacus Concepts, Berkeley, USA) and JUSEpackage software version 2.42 (Union of Japanese Scientist and Engineers, Tokyo, Japan).
Results
Cx43 staining in normal controls showed a uniformly linear to a fine granular pattern along the glomerular basement membrane (GBM), indicating that Cx43 was almost exclusively expressed at podocytes within the glomeruli ( Figure 1A and B) . In diabetic nephropathy, Cx43 staining was still predominant in podocytes, but Cx43 staining in podocytes was down-regulated compared with normal controls ( Figure 1E, F, I and J) . In some patients, loss of uniformly linear Cx43 pattern in podocytes, i.e. segmental loss or thinning of Cx43 staining and thickened Cx43 staining in cytoplasm of podocytes, was observed ( Figure 1I and J). Such Cx43 redistribution in podocytes was evaluated as 'Cx43 heterogeneity' by scoring from 0 (normal) to 3 (most advanced) (Figure 2A-D) .
Magnitude of Cx43 intensity as scored from 0 (no signal) to 4 (highest expression, higher than normal controls) ( Figure 2E -I) had no significant correlation with the degree of Cx43 heterogeneity ( Figure 3E , Table 2 ). Cx43 intensity score correlated positively with creatinine clearance ( Figure 3A ) and inversely with serum creatinine (Figure 3B ) at the time of renal biopsy. Cx43 heterogeneity score also had a weak correlation with creatinine clearance (Table 2) . Although Cx43 intensity score did not show a significant association with the change in renal function (Table 2) , Cx43 heterogeneity score closely correlated with the future decline in renal function, expressed as a monthly decline of inverse serum creatinine (Á1/sCr) ( Figure 3C , Table 2 ). Change in renal function correlated inversely with some of the previously reported promoters of diabetic nephropathy, such as the level of urinary protein at renal biopsy, systolic blood pressure, serum creatinine, BUN and urinary protein at follow-up [5] (Table 2 ). Cx43 intensity correlated positively with podocyte number per glomerular cross section, and inversely with systolic blood pressure at renal biopsy ( Table 2) . Cx43 heterogeneity correlated positively with the degree of urinary protein at renal biopsy, serum creatinine at renal biopsy and at follow-up, and BUN at follow-up ( Figure 3D , Table 2 ).
To evaluate the mechanism of the altered Cx43 expression at podocytes in diabetic nephropathy, conditionally immortalized human podocyte cell line was cultured with a high-glucose (25 mM) or normalglucose (5.5 mM) medium. High glucose decreased Cx43 expression by 20% compared with normal glucose ( Figure 2J and K) . These results show that, unlike murine podocytes, Cx43 is consistently and constitutively expressed at human podocytes, and that Cx43 expression can be decreased by high-glucose condition.
. . 3 . Correlation of Cx43 intensity score and Cx43 heterogeneity score with renal function and proteinuria in patients with overt diabetic nephropathy. Cx43 intensity score significantly correlated positively with Ccr (A, n ¼ 21, R ¼ 0.647, P < 0.005), and inversely with serum creatinine (B, n ¼ 28, R ¼ À0.638, P < 0.001). Cx43 heterogeneity score correlated closely with the future decline in renal function (C, n ¼ 22, R ¼ À0.705, P < 0.001, observation period 23 AE 3 months), and positively with urinary protein at renal biopsy (D, n ¼ 27, R ¼ 0.535, P < 0.01). Cx43 intensity score did not significantly correlate with Cx43 heterogeneity score (E, n ¼ 28). Ccr, creatinine clearance; sCr, serum creatinine; RB, renal biopsy.
Discussion
In the present study, we examined the staining pattern of Cx43 at glomerular podocytes in specimens obtained from normal controls and patients with overt diabetic nephropathy. In normal controls, Cx43 was expressed in a linear to a fine granular pattern along the GBM. In contrast, those with advanced diabetic nephropathy showed loss of uniformly linear Cx43 expression, which we termed gain of 'Cx43 heterogeneity'. Cx43 intensity correlated positively with renal function at renal biopsy, whereas the magnitude of podocyte damage assessed by Cx43 heterogeneity correlated well with the future decline in glomerular function. Roles of podocyte injury in the progression of diabetic nephropathy remain to be elucidated. Anatomically, podocytes cover the entire surface of the GBM facing the urinary space in the Bowman's capsule [1] . 'Bare' GBM without podocytes represents a starting point for irreversible glomerular injury, since attachment of parietal epithelial cells to bare GBM progresses to glomerular sclerosis [1] . Decrease in podocyte number is observed in the early stage of nephropathy in diabetic patients [2] and in animal models of diabetic nephropathy [4] . Glomerular hypertrophy is another morphological feature in early diabetic nephropathy, which leads to the expansion of surface area of the GBM [5] . Since podocytes are incapable of regenerative replication post-natally and cannot be replaced by new cells [1] , podocyte loss and glomerular hypertrophy in diabetic nephropathy must be compensated by migration and/or extension of cell body by the remaining podocytes to cover the GBM.
In doing so, gap junction protein Cx43 in podocytes may play a role in intercellular communication [12] .
In this study, Cx43 intensity in podocytes correlated positively with renal function at renal biopsy. There are not many reports on podocyte injury and renal function in diabetic nephropathy. Podocyte filtration slit length is related to the glomerular filtration rate (GFR) [13] . Podocyte cell number is also reported to be associated with GFR [3] , but is still controversial. Here, we show that decrease in Cx43 intensity in podocytes can be useful in assessing podocyte injury in overt diabetic nephropathy. The findings that Cx43 intensity correlated positively with podocyte number per glomerular cross section, and inversely with systolic blood pressure at renal biopsy, support this notion (Table 2) . Notably, Cx43 down-regulation (low Cx43 intensity) alone did not predict poor renal prognosis, but rather, Cx43 redistribution (high Cx43 heterogeneity) could predict. In normal human podocytes, Cx43 is localized strictly at cell-cell contact between podocytes [14] . Increased Cx43 heterogeneity, or Cx43 redistribution and down-regulation, at podocytes may impair intercellular communication, possibly leading to the loss of barrier function. The role of Cx43 redistribution in causing proteinuria should await further clarification.
Another possible role for podocyte injury in diabetic nephropathy may be alteration in the slit diaphragm [1] . Cx43 can directly bind to -and b-tubulin [15] , and to zona occludens-1 protein (ZO-1) [16] . Cx43 redistribution may influence slit diaphragm components through direct interaction with ZO-1 and tubulins in foot processes and major processes, respectively. Recent reports show that some unapposed connexons, called hemichannels, connect the intracellular and extracellular space [7] . Cx43 heterogeneity may indicate Cx43 hemichannel activation in podocytes, which may further lead to podocyte injury, as is the case with renal proximal tubule cells in ischaemic injury [17] .
As we have shown in this study, persistent high glucose is a candidate mechanism for decrease in Cx43 intensity and the development of Cx43 heterogeneity in podocytes. High glucose is reported to reduce Cx43 expression in various other cell types [18] . Phosphorylation of Cx43, by kinases including protein kinase-C and mitogen-activated protein kinase [7] , may also alter Cx43 expression and function, such as the regulation of trafficking, assembly, channel gating, internalization and degradation [7] . Although, there was no significant correlation between Cx43 heterogeneity and the level of glycaemic control in our study, Cx43 heterogeneity may result from the combined effects of factors aforementioned that were involved in the progression of diabetic nephropathy [19] . Mechanisms for Cx43 alteration in podocytes remain to be elucidated in the future.
Cx43 is abundantly expressed in myocardium but is also found in many other cell types [7] . Although Cx43 knockout mice seem to have normal kidney morphology [20] , Cx43 expression in rodents and humans are quite different. In rodents, glomerular Cx43 expression is detected in the extraglomerular mesangium, mesangial cells and sparsely along the glomerular capillary wall in normal glomerulus [12] . In rodents, Cx43 becomes apparent only after podocyte injury [12] . In humans, however, Cx43 is most abundantly expressed in podocytes within the glomeruli [9, 10] . Significance of Cx43 gene mutation in renal disease remains to be explored.
In summary, the findings of the present study indicate that alteration of podocyte Cx43 expression proceeds even after the establishment of overt diabetic nephropathy, being involved in further progression of the disease. Further analysis of the mechanism of Cx43 redistribution may elucidate the role of podocytes in the progression of overt diabetic nephropathy. Quantification of Cx43 staining may also be an easy and convenient way to assess podocyte damage and to predict future decline in renal function in diabetic patients with overt nephropathy.
